Two transport systems participate in the transport of nucleosides into cells of Escherichia coli (1) (2) (3) (4) (5) ; for further refs. see ref. 4) . In E. coli K-12 the two systems have been separated genetically and by their specificity towards nucleosides and nucleoside analogues (4) . One system, designated the nupC system, transports nucleosides except for guanosine (and deoxyguanosine). The other system, designated nupG, seems to transport all nucleosides. Essential components of the two systems map at 50 and 64 min, respectively (B. Mygind, personal communication).
Two regulatory genes are known that participate in the control of the nucleoside-transport systems. These are the cytR and deoR genes, which regulate the synthesis of the nucleoside-catabolizing enzymes (6, 7) . The nupC system is regulated by the cytR gene, whereas the nupG system responds to both regulatory genes (4) . Both systems transport the nucleosides actively and without the participation of the nucleoside-catabolizing enzymes (8) .
Nothing is known about the single components of the two systems, but whole cells, containing the nupG system, transport all nucleosides whereas membrane vesicles prepared from the same cells according to Kaback (9) transport cytidine, deoxycytidine, and uridine only (8) . This indicated that the intact transport system as present in whole cells includes components of different specificities and that one or more of them may be partially lost during preparation of the vesicles.
The main purpose of the present work was to study the energization of the nupG system in mutants of E. coli containing only this transport system and, in addition, carrying a mutation in the Ca2+-and Mg2+-dependent ATPase (10) . On the other hand, the results seem to assign a regulatory role to ATP (or a closely related compound) because depletion of ATP in cells has a specific stimulatory effect on the transport of purine nucleosides.
Koch and coworkers (11, 12) , who were the first to study nucleoside transport in E. coli, used wild-type cells of E. coli B carrying both transport systems and containing the nucleoside-catabolizing enzymes. Based on kinetic experiments and on a study of the inhibition by other nucleosides as well as by base analogues and sulfhydryl compounds, they suggested the presence of a highly complex transport system with partial competitive permeases of different specificities. The present results with the nupG transport system confirm the previously suggested composite nature of the transport system (8) and they are consistent with the early hypothesis of Koch and coworkers that the nucleoside-transport system includes both separate and overlapping processes.
MATERIALS AND METHODS Materials. Nucleosides, showdomycin, and other fine chemicals were purchased from Sigma. Radioactive isotopes were from the Radiochemical Centre (Amersham, England).
Isolation of Mutants and Growth of Cells. The strains used are listed in Table 1 . Most of the mutants were derived from So 656 (ilv, metB) ( Table 1) . Strains with a deletion in the deo operon and with a mutation in the cytR gene were constructed by mating this strain with So 818 (Hfr Cavalli, Adeo, cytR), selecting for Met+. The cytR gene controls the synthesis of the nucleoside-transport systems (and of the nucleoside-catabolizing enzymes) (4, 7) , and the mutation was introduced in order to ensure efficient transport in the mutants. It cotransduces 80-90% with metB (7).
The recombinants were tested for growth on nucleosides as carbon sources. Colonies from recombinants that failed to grow on such plates and that had retained the ilv mutation were chosen, and the cytR mutation as well as the Adeo mutation were verified by enzyme analysis.
Cells from So 1282, obtained as described above, were spread on minimal plates containing 80,uM showdomycin (14) . Resistant colonies, containing only the nupG nucleoside-transport system, were purified and retested by enzyme analysis.
Mutants in the unc system were obtained by P1 transduction from known, well-documented unc mutants into a showdomycin-resistant strain, So 1283, selecting for ilv+. Transductants that had received an unc mutation were identified by growth tests on agar plates with malate/succinate/acetate as sole carbon source and by the lowered growth yield in liquid cultures when Mating and recombination procedures were as described (15) .
Preparation of Cell Suspensions for Transport Assay. Exponentially growing cells were filtered, washed, and suspended in assay buffer (10 mM Tris-HCI, pH 7.3/0.5 mM MgCl/150 mM NaCl). Energy sources (usually 10 mM) were added as indicated and the suspensions were equilibrated for 10 min at room temperature with aeration before assays were done. In experiments in which arsenate was used, the cells were allowed to equilibrate for 10 min at room temperature before potassium arsenate (10 mM) was added 5 min prior to transport assay. Transport assays were carried out as described (4) . The substrate concentrations were 1.7 gM for nucleosides and 20 MM for amino acids.
The substrates used for transport measurements were uniformly "4C-labeled at the following specific activities (1 Ci Starvation of Cells. uncA cells were starved for energy essentially as described (16) . An exponentially growing culture was harvested and suspended in medium containing 2 mM 2,4-dinitrophenol. The suspension was kept at 370C with shaking for 90 min, then filtered, washed with phosphateless medium, and suspended in the same medium at a concentration of 2 X 108 cells per ml. To an aliquot of the suspension potassium arsenate (10 mM final concentration) was added, and both samples were incubated for 20 min at 370C with aeration. Energy sources were added as indicated and the suspensions were re-incubated for 10-15 min at room temperature with aeration before transport assays were carried out.
Chromatographic Analysis of Cell Extracts. Intracellular nucleosides were identified and quantitated after transport as described (8) .
Determination of ATP Pools. The strains were grown in Tris-buffered medium containing 0.3 mM phosphate with glycerol as carbon source. 32P-Labeled phosphate (10,MCi/ml) was added; after two generations, 0.1 ml was placed into 0.5 ml of 2 M HCOOH. After centrifugation, 50-,ul aliquots were applied to thin-layer polyethyleneimine-cellulose plates. Chromatograms were developed according to Jensen et al. (17) . The radioactive spots corresponding to ATP were cut out and radioactivity was measured.
Enzyme Assays. The nucleoside-catabolizing enzymes were assayed as described (8) .
Exit Studies. Cell suspensions in 10 mM Tris-HCl, pH 7.3/0.5 mM MgCl/150 mM NaCl were prepared as for transport studies. Glucose (11 mM) was added. The cells were allowed to transport and accumulate the labeled nucleoside until steady-state conditions were reached. They were then equilibrated at the appropriate temperature, and the exit reaction was initiated by 1:250 dilution into fresh buffer at the same temperature and with addition of different substances. Samples (2ml) were filtered at 2-min intervals. The filters were washed and dried, and radioactivity was measured.
RESULTS
Nucleoside Transport in Starved unc Cells. In order to investigate the role of ATP in the nupG transport system, we starved cells of strain So 1285 (nupC, uncA, cytR, Adeo) for energy by treatment with 1 mM 2,4-dinitrophenol and then tested them for transport. An aliquot of the cell suspension was treated with dinitrophenol, followed by treatment with 10 mM arsenate. Transport assays were carried out with cell suspensions with or without addition of an energy source.
The efficiency of the starvation procedure was checked in the same experiment by measuring the effect on glutamine transport, a system that requires ATP (18) . Transport of this amino acid was almost abolished in the starved cells, but could be restored by addition of glucose (results not shown). The same starvation procedure left the cells quite capable of nucleoside transport (Fig. 1) . Addition of glucose depressed guanosine transport, whereas addition of succinate (not shown) or no addition of energy source resulted in the highest transport rates. Transport of deoxycytidine was not affected by the different energy sources.
Treatment of the energy-starved cells with arsenate did not inhibit nucleoside transport significantly. In contrast, it seemed to counteract the depressing effect of glucose on guanosine transport (Fig. IA) . Inhibition of the respiration by 5 mM cyanide did not interfere with the nucleoside transport.
The results with arsenate-treated cells are strong evidence that ATP is not required for nucleoside transport. In fact, the results in Fig. 1A (Fig. 2B). [The biosynthesis of the transport system is strongly repressed by glucose through the cytR control system (7) . For this reason, the cells used for transport studies were grown in medium containing glycerol as carbon source.]
Other purine nucleosides (adenosine, inosine, and deoxyguanosine) showed similar differences when transport was measured in uncA cells and wild-type cells (not shown).
The transport of cytidine and deoxycytidine was slightly more efficient in the uncA strain than in the wild-type strain, but with these substrates the rate of transport was not significantly affected when glycolytic energy sources were in the assay mixture (shown for deoxycytidine in Fig. 2 C and D) . The Several different uncA mutations as well as one uncB mutation have been transduced into the ilv parent strain, Soi 1283. The unc mutants obtained all behaved like strain So 1285 (i.e., the transport of purine nucleosides was enhanced, whereas the transport of amino acids was impaired). In all cases the transport of guanosine was strongly inhibited by glycolytjc substrates but not by succinate or D-lactate.
Increased Transport of Guanosine in Presence of Arsenate. The stimulatory effect of arsenate on guanosine transport (Fig.  1A) is not specific for starved cells. Tests of various strains indicated that it is a general phenomenon in both unc and wildtype strains, provided the transport assay is carried out in phosphate-free medium. Fig. 3A (Fig. 3A) . The uncoupler 2,4-dinitrophenol inhibits nucleoside transport (3, 10) . Fig. 3A shows that arsenate' stinmulated transport was also completely abolished by this uncoupler; it was also abolished by carbonylcyanide p-trifluoromethoxyphenylhydrazone (not shown). The presence of chloramphenicol (50,gg/ml) had no effect on the transport rate.
Addition of excess unlabeled guanosine to the transporting cells resulted in loss of radioactivity, indicating that guanosine was concentrated in a chemically intact form. This was further verified by chromatographic analysis of cell extracts after transport (Table 2 ). Ninety to 95% of the total radioactivity appeared as intact guanosine, and arsenate-treated cells accumulated about 8 (Fig. 4) . The presence of 2 mM 2,4-dinitrophenol also did not affect' the exit.
Thus, exit of the nucleoside seems to proceed in a passive way.
On the other hand, the specific stimulation by other nucf4osides
suggests the function of a specific carrier for the exit 'pfocess. Whether the same system (i.e., the nupG system) mediates both entry and exit cannot be decided at present. o -----, 10 mM arsenate; *-*, 10 mM arsenate plus chloramphenicol (50 Amol/ml).
(B) Changes in initial transport rate (nmol/ mg of protein per 10 sec) after addition of arsenate. At time zero, 10 mM arsenate was added to the cell suspension; at times indicated, samples of the suspension were added to labeled guanosine for transport assays. Initial rates were calculated from the accumulation of radioactivity during the first 10 sec of each transport assay.
Relationship Between Transport Rates and Cellular Levels of ATP. The elimination of arsenate as an inhibitor of the exit reaction suggested that a depletion of ATP in the cells had a direct stimulatory effect on the guanosine-transporting part of the nupG system. The increased rate of transport found in uncA cells ( Fig. 2A) (Table 3) . In all cases addition of arsenate caused an almost total depletion of ATP in the cells (not shown).
In Table 3 are included the transport rates measured in cell suspensions with addition of the different energy sources. These transport rates agree well with the assumption that the internal ATP pool directly or indirectly controls the transport of purine nucleosides. (Table 4 ). In contrast, the transport of cytidine, deoxycytidine, and uridine seemed unaffected. Thymidine transport showed a slight stimulation. The results reported in the present work are all from strains with mutations in the regulatory genes for nucleoside transport.
These strains were chosen in order to obtain higher rates of transport. Wild-type cells were tested for transport in the presence of arsenate, and a similar effect was observed (data not shown). The arsenate effect was also specific for purine nucleosides (thymidine was not tested).
DISCUSSION
Energy-starved cells of an uncA mutant strain retained the ability to transport nucleosides, whereas the ATP-driven glutamine transport was abolished. The residual nucleoside transport is probably due to incomplete starvation; i.e., the cells were deprived of ATP, but retained metabolites that could support energization of the membrane. The finding that the nucleoside transport also occurred in the presence of arsenate seems to exclude ATP as a necessary driving force, whereas the strong inhibitory effect of uncoupling agents on the transport is consistent with a proton motive force as the main energizer, as also suggested by the results of Roy-Burman et al. (10) Although ATP is thus excluded as the immediate driving force for nucleoside transport, the results suggest another relationship between the cellular levels of ATP and the purine nucleoside-transporting part of the nupG system. Cells without a functional ATPase show an increased transport of purine nucleosides in the absence of glycolytic substrates compared to the isogenic wild-type cells (Fig. 2) and to cells of a revertant strain of the uncA mutant. The cells with increased transport rates had low internal pools of ATP (Table 3) . A similar increased transport rate was observed in cells with a functional ATPase after treatment with arsenate (i.e., after ATP and related high-energy compounds had been depleted).
No effect of arsenate on the exit process could be demonstrated (Fig. 4) . This, together with the simultaneous shift in ATP pools and transport rates (Table 3) , led to the suggestion that ATP (or a closely related compound) interferes with the transport system in a regulatory way. This might be a direct allosteric effect on a protein involved in the transport or, al- (8) .
